The practical implications of gene expression analysis in biomedical research are clear-cut. Real-Time quantitative PCR (qPCR) has offered immense assistance in diagnosis and prognosis based on comparative mRNA levels. However, it has been shown that the transcriptional level does not necessarily correlate with protein expression (1) (2) (3) , with one recent study even reporting an inverse relationship of mRNA and protein expression in breast cancer tumor prognosis (4) . A noteworthy large-scale gene expression study has disproven the idea of a global correlation in mRNA and protein turnover and confirmed the overall variability in transcriptional and translational patterns (5) . There is no such thing as a static proteome or transcriptome, emphasizing that we observe snapshots of the cellular state in time and place. Bearing this in mind, protein expression can give clues about pathogenesis that are not apparent at the transcriptional level or provide new insights through correlation analyses. In some cases, for example detection of plasma biomarkers derived from peripheral blood samples, protein quantification techniques are crucial.
In the field of large-scale protein analysis there is no way around mass spectrometry (MS). Powerful MS techniques have contributed to proteomics in a variety of ways, offering quantitative approaches. Relative or absolute quantification analyses can utilize either differential stable isotope labeling or label-free methods. (For more information on comparing gel-based methods to MS, see the comprehensive introductory review in Reference 6.) Interesting as it is, while MS plays an important role in proteome exploration, the technology is still quite inaccessible for many researchers, owing either to economical considerations or the need for specialized skills to perform the analyses. In addition, the method can be inappropriate for a given experimental setup. So, what alternatives, other than ELISAs and blots, are there for the rest of us?
Here we review non-spectrometry ligand-based protein quantification using PCR-coupled approaches. Each of the methods discussed presents a different set of obstacles; thus, an introductory review that also takes an objective and critical view of PCR-coupled protein analysis methods is needed. In the following discussion, we point out some of the shortcomings and practical uses of various immuno-quantitative PCR assays. Although each has different strengths and aims, high sensitivity and specificity is essential in any successful quantification assay.
Merging immunoassays and quantitative PCR
The founding ideas behind coupling PCR and immunoassays go back more than 20 years (7) . In a beautiful layout, Sano et al. used a previously developed streptavidin-protein A chimera (8) as a linker between a DNA segment and a monoclonal antibody specific for immobilized bovine serum albumin. Termed immuno-PCR (iPCR), the basic concept has changed little since then, and the other PCR-coupled methods described here are essentially built on the same principles. Interestingly, this sensitive antigen detection system was described only a year after Holland Quantitative PCR (qPCR) of reverse-transcribed mRNA has revolutionized gene expression analyses. qPCR analysis is based on the prevalent assumption that mRNA transcript numbers provide an adequate measure of specific biomarker expression. However, taking the complexity of protein turnover into account, there is a need to correlate qPCR-derived transcriptional patterns with protein translational patterns so as to not leave behind important pathobiological details. One emerging approach in protein analysis is PCR-coupled protein quantification, often denoted as immuno-PCR (iPCR), which targets soluble proteins. Here we review recent trends and applications in iPCR assays that may bridge the gap between classical enzyme-linked immunosorbent assays and mass spectrometry methodologies in terms of sensitivity and multiplexing. expression analysis but also to some extent pushed translational quantification out of focus.
The enhanced limit of detection of iPCR compared to ELISA is reported to be in the range of a modest 100-fold to a staggering 10 5 -fold (10) (11) (12) . While the enhanced sensitivity is unambiguously ascribed to quantitative PCR, simply stating that the detection limit of iPCR is increased manifold in contrast to its enzyme-linked counterpart is an oversimplification that cannot be deduced a priori, as will be explained in detail later. iPCR is methodologically related to ELISA, where special measures have to be taken to harness the advantages of increased readout sensitivity.
Antibodies or other types of ligands used in PCR-coupled immunoassays are directly or indirectly barcoded with a synthetic nucleic acid strand ( Figure  1A ) instead of being conjugated to a reporter enzyme ( Figure 1B ) such as horse radish peroxidase or alkaline phosphatase. The barcode analogy is useful when considering one of the obvious advantages: unique identifiers can provide quantitative information from different biomarkers in a single run ( Figure 1C) .
Not all PCR-coupled immunoassays require immobilization of the target proteins. A proximity ligation assay (PLA), described in the following section, can detect specific proteins or protein-protein interactions directly in a homogenous solution. The nature of the signal-to-noise ratio (SNR) is also different compared to other iPCR assays, and this issue will be treated separately.
Proximity ligation assay (PLA)
Ultra-sensitive detection of plateletderived growth factor by PLA was first described in 2002 by a Swedish research group (13) . Swedish researchers still constitute the frontline in refining this technology. The PLA ingeniously utilizes two DNA aptamer-based proximity probes, each containing a sequence extension to which a common complementary connector oligonucleotide binds, pairing the probes in close proximity ( Figure 2 ). After probe pair ligation, the DNA is amplified by qPCR for quantitative evaluation-with the protein content now superfluous. Alternatively, and now common practice, two antibodies (mono-or polyclonal), can substitute for the binding aptamers in the assay. An antibody-dependent PLA approach is exploited in commercially available pre-conjugated kits (Life Technologies, Carlsbad, CA; Olink Bioscience, Uppsala, Sweden). Simplifying the setup, a single biotinylated polyclonal antibody population raised against a full-length protein immunogen can be split into two tubes for conjugation with ether a 5´-or 3´-oligo. Although selecting two monoclonal antibodies in order to get more specific PLA probes may be more cumbersome initially, this strategy can provide increased reliability and reproducibility in a standardized clinical environment.
An advantage of protein detection and quantification by ligand-based PCR methods is the potentially low consumption of antibodies. Gullberg et al. postulate that more than 100,000 PLAs can be performed with just one microgram of antibody (12) . Furthermore, the very low limit of detection enables analyses on sparse samples. It has been shown feasible to use as little as one microliter (14) of patient plasma material. It must be noted that very low consumption of biological sample or antibody is not always desirable, as this increases the standard deviation-obviously a limiting factor of reproducibility. Although often presented as an advantage of PLA, the minute consumption of antibody and biological sample represents an Achilles' heel of the assay: too high a probe concentration will lead to a decrease in the SNR due to nonspecific background ligations, and too high a protein concentration will cause probe depletion.
Target adsorption with solid phase PLA Immobilization of the target protein, as performed in solid phase PLA (SP-PLA), can be necessary to obtain sufficient sensitivity and a wider dynamic range where homogenous assays fail, as reported by Zhu et al. (15) . In microparticle-based SP-PL A, a polyclonal antibody can be aliquoted into three pools-two for affinity probe incorporation and one for immobilizing target proteins to paramagnetic particles (16) . Another possibility is using streptavidincoated tubes or wells as solid supports. Darmanis et al. demonstrated high correlation between PCR threshold cycle (Cq value) and interleukin-8 concentration in a two-fold plasma dilution with a coefficient of determination (R 2 ) of 0.997 in the microparticle setup (16) . This study also showed comparable sensitivities between the microparticle-based protocol and one involving coated polycarbonate tubes for target protein anchoring.
Introducing washing steps can minimize possible interference and inhibition by other components of the cell lysate and reduce background signal from unbound probes. But if washing steps are included in the proximity ligation assay, why use a two-probe system instead of one probe? Increased specificity gained by multiple target recognitions is an important feature, but several sensitive methods rely on a single probe to which additional specificity is provided through capture antibodies. These methods are collectively referred to as iPCR. The use of two probes in PLA complicates the setup of novel analyses. Not only do they have to target different epitopes of the same protein, as in sandwich ELISA, but they must also be proximaly situated in order to ligate successfully. In return, increased specificity is possible.
Extended variants of mono-probe iPCR assays
Immunodetection amplified by T7 RNA polymerase (IDAT) assay is the basis for another branch of the PCR-coupled immunoassay family. Here, a doublestranded DNA oligonucleotide containing the T7 promoter is conjugated to the target-specific ligand (17) . Amplification using phage T7 RNA polymerase renders thermocycling in iPCR obsolete and provides linear product generation. This scheme requires other means of signaling than those using Taq polymerase 5´-3´ exonuclease activity, where the signal is obtained by a reporter dye, freed from its quencher situated in close proximity on the hydrolysis probe. Here, RNA-intercalating dyes can be incorporated as reporter molecules and read on a fluorometer (18, 19) . This method, superseding the earlier gel-based isotope detection by Zhang et al. (17) , is known as fluorescent amplification catalyzed by T7 polymerase technique, or FACTT for short. The downside of IDAT/FACTT assays is the limitation in direct scalability and multiplexing utilizing dyes with specific absorption maximums. One possible expansion we suggest could involve hybridization on a chip as exploited with DNA microarrays. Linear signal generation in iPCR and PLA can also be accomplished by isothermal rolling circle amplification (20) , where a circular amplicon serves as template for continuous product generation by the polymerase. Reported molar detection ranges for the previously discussed methods are shown in Figure 3 .
Methodological considerations
Setting up iPCR in the laboratory iPCR will not gain widespread use unless it is easy to implement in a clinical laboratory, taking workload and cost-benefit into consideration. This section will describe some basic and practical details for setting up the analysis. If ELISA and qPCR are already performed routinely in the laboratory, setting up the assay is essentially confined to the construction of iPCR probes from antibodies with adequate antigen specificity and oligonucleotides with sufficient PCR amplification efficiency, while keeping the existing protocols relatively intact.
Probe construction
Construction of iPCR probes requires (i) an antibody with high affinity and specificity for the target protein, (ii) an amplifiable synthetic DNA sequence, and (iii) the successful combination of the two.
The synthetic DNA sequence consists of flanking primer annealing regions and an optional sequence complementary to a hydrolysis probe in between.
As the template sequence can be arbitrarily selected, the design can be based on purely random sequences, on a shuffle of existing forward and reverse primers already used in the laboratory, or on already published sequences (e.g., the set targeting foot-and-mouth disease virus reported by Ding et al. in Reference 21) . However, it is recommended to avoid primer sequences likely to amplify genomic DNA, as this will affect the results.
The strong non-covalent interactions between streptavidin and biotin can be exploited as a simple means of probe construction. If a biotinylated antibody is available, the stepwise assembly procedure is straightforward. In a biotin-streptavidin-biotin self-assembly strategy described by Darmanis et al. for formation of proximity probes (22) , the modified oligos and strepavidin homotetramer are incubated in a 1:1 molar ratio initially, followed by the addition of biotinylated antibodies in a 1:2 ratio. One might expect the optimal ratio of oligos and antibody bound through a tetravalent streptavidin complex to be 4:1. However, it has been shown that bivalent linkage of biotinylated antibody and oligo is most likely to occur (23) .
Obtaining a biotinylated variant of an antibody directly from the supplier may not be possible, whereas a wide range of oligo modifications are readily commer- cially available, such as a 5´ or 3´ biotin moiety attached through a carbonchain spacer. Several commercial antibody biotinylation kits are available. The efficiency of incorporation can be estimated spectrophotometrically with HABA dye (4´-hydroxyazobenzene-2-carboxylic acid) (24) . Alternatively, a biotinylated secondary antibody eliminates the need for modifying specific antibodies and is practical for preliminary antibody testing. This scheme was described by Zhou et al. (25) in 1993, but it hinders direct multiplexing by eliminating the possibility of unique DNA sequence conjugation to targetspecific antibodies.
Once an oligo that can be amplified in PCR with adequate efficiency is successfully conjugated to the antibody, the optimal dynamic range is determined. As in ELISA, one can perform checkerboard titrations to find the optimal antibody concentration, where a direct iPCR constitutes the simplest layout for optimization (Figure 4 ).
Collecting residual oligos prior to PCR
If PCR is carried out in a separate tube, the oligos have to be freed from adsorption to be transferred to the PCR tubes. Simply heating the samples is sufficient to release DNA (26) . Alternatively, proteinase (e.g., Proteinase K from Tritirachium album, Sigma-Aldrich, St. Louis, MO) can be added to each sample well to degrade immobilized target protein, antibodies, and other proteinaceous contents. Complete heat inactivation of proteinases before adding polymerase is, of course, necessary.
Notes on specificity
Strikingly, a considerable number of the published articles involving iPCR do not include negative biological controls in the assay. In clinical use, an assay is not valid if the SNR does not represent a true difference between a pathological observation and a control sample that is derived from a validated negative cell line or healthy donors. This requirement, we argue, represents one of the major bottlenecks of clinical iPCR implementation, as a consequence of using antibodies in assays without spatial resolution. If reported sensitivities merely represent the widest possible range of detection without questioning the validity of the target specificity, which is encountered in proof-of-concept articles, the published SNR is of no use to clinical laboratories interested in implementing the assays.
One can also argue that simply measuring the dynamic range by a more sensitive method such as qPCR is a poor improvement, given that the SNR ultimately reveals to be equivalent to colorimetric immunoassays. That is, the level of background noise the immunoassay is clearly a limiting factor, even if qPCR is used. Hence, steps that effectively minimize noise contributions are important to take advantage of the increased sensitivity. As the causes of these contributions differ according to assay type, reported examples of SNR improvements are considered in the following sections. We first turn to PLA, as the nature of the SNR for that method differs from other iPCR assays.
Signal-to-noise ratio in homogenous PLA
Signal contribution in homogenous PLA stems from both proximal ligated probe pair DNA and randomly ligated strands in bulk solution (27) (Figure 5 ). This inevitably leads to a lower intrinsic SNR and is one of the drawbacks of the original homogenous variant. Lowering the probe concentration reduces the likelihood of random ligation (28) but narrows the dynamic interval of detection (29) . Also, the extent of background contributions must, theoretically, be a function of incubation time and thermal energy in the solution. Due to the nature of the signal, a linear standard curve cannot be expected, but-as is true for other immunoassays-a local linear range is approximated.
Various methods have been tried to reduce background noise in PLA. Fredriksson et al. described the use of thermostable ampligase, which displays low activity below 30°C, for more consistent ligation conditions (Supplementary Material for Reference 27). In asymmetric PLA, connector oligonucleotide binding affinity towards the probe strands is weakened in one end, reducing the probability of targetindependent ligation (29) . Triple-specific proximity ligation assay (3PLA) lowers background signal by using weakly hybridizing oligonucleotides to temporarily block unbound probes and increases specificity through triple recognition of three separate target probes (30) . Landegren et al. reported a 100-fold increase in sensitivity compared to standard homogenous PLA when assaying recombinant VEGF (22) . The latter study from the group also utilized antibody:biotin-streptavidinbiotin:oligo self-assembling probes, as described by Niemeyer et al. for iPCR (23, 31) . No other published studies have involved 3PLA, despite the practical advantages of blocking oligos. This may be due to the increased complexity of using three probes, although solid-phase PLA (SP-PLA) to some extent also relies on a three-hit antibody combination.
Common contributions to noise in iPCR
We conclude this section by pointing out that issues with background signal are not exclusively a feature of homogenous PLA, but inevitably occur with all iPCR methods-ascribed to nonspecific surface adsorption of probes or DNA-coupled parts thereof. Blocking steps must therefore be optimized carefully, as well as washing conditions and the probe concentration. iPCR protocols often include salmon or herring sperm DNA in block (32, 33) or wash buffer (7, 34) to reduce the non-specific interactions of the target DNA. However, Lind and Kubista noted that inclusion of herring sperm DNA in block buffers to out-compete the adsorption did not improve sensitivity (33) .
Pushing iPCR to largescale proteomics
Multiplexing can be achieved by constructing unique oligonucleotide probe sequences for PLA and iPCR that are conjugated to specific target antibodies. Alteration of one oligonucleotide strand in the PLA pair is sufficient in constructing unique identifiers. Several reporter dyes are then incorporated into the reaction, as in standard multiplex qPCR, or by dividing the incubated samples to undergo PCR with target-specific primer pairs. Reporter dye combinations can quickly be depleted due to the number of available dyes, and crosstalk issues from spectral overlap have to be considered as well, thereby limiting scalability. Fredriksson et al. have developed a PLA multiplex in which a unique sequence reporter fragment, or tag, was incorporated for each probe pair (27) . The group was inspired by large-scale genomic multiplexed SNP analysis with sequence-tagged molecular inversion probes, as described by Hardenbol et al. (35) . The specific tags can then hybridize to their complementary sequences on a DNA-array or be processed by highthroughput (i.e., 384-well plate) microfluidic Real-Rime PCR.
The multiplex study performed by Fredriksson et al. focused on six low-abundance cytokines in plasma samples drawn from pancreatic cancer patients and age matched controls, displaying low-femtomolar sensitivity and a broad range of linearity between estimated number of amplicons and antigen concentration (27) . A larger test of cancer relevant plasma biomarkers followed shortly, deter- Figure 4 . Finding the right probe concentration. As in ELISA, optimizing the working concentration of an antibody (orange row) and the optimal range of detection can done by performing checkerboard titrations. In a simple direct assay, the lysate is serial diluted in one dimension and the iPCR probe in the other. If a sandwich assay is instead performed, a third dimension with capture antibody serial dilutions is added.
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To our knowledge very few articles concerning multiplex PLA but not involving the Uppsala research group in Sweden appear in the PubMed database (e.g., References 37 and 38). Time will tell if methods based on this principle will have a large impact in the field of proteomicsor even be competitive with the highthroughput of MS.
Emerging iPCR developments
Flanigon et al., including Landegren, notably involved in the majority of PLA studies, and Cantor, one of the original inventors behind iPCR, present a possible direction for large-scale multiplex protein quantification (39) . Here, the two methods converge in a direct comparison of multiple protein targets, displaying similar dynamic ranges over several orders of magnitude. Absolute quantification was performed with competitive PCR, involving co-amplification of a near identical target sequence of known concentration, and PCR amplification products were subsequently analyzed on a MALDI-TOF mass spectrometer.
Open sandwich (OS) ELISA may not be the most widely distributed sandwich flavor, but it was recently added to the list of PCR-coupled immunoassays. In OS-ELISA, immunoglobulin variable region heavy (V H ) and light (V L ) chain are initially separated with very low interchain binding affinity and are prone to dissociation (40) . One is used as a well-anchor, and the other is conjugated to a reporter. Association of the chains is stabilized through antigen binding, and constitutes an indirect sandwich function. In this sense, sandwich is perhaps a slight misnomer. Hasan et al. brought iPCR into OS-ELISA by engineering a streptavidin and single-chain variable fragment (scFv) fusion protein to target osteocalcin (41) . Tethering of the stabilized complex to the wells of an ELISA plate was mediated by maltose binding protein fused with V H , and PCR-compatibility was made possible by the biotinylated DNA binding properties of streptavidin. OS-ELISA offers an advantage, when small biomarkers are to be analyzed (i.e., biomarkers, where steric hindrance restricts the binding to one paratope alone). The relatively few published articles on OS-ELISA may be reflected in this specialized, but not limiting, scope and the vast supply of antibodies on the market. However, it provides direct means of utilising recombinant antigen-binding fragments generated by phage display in the iPCR assays, as is described by Dong et al. (42) .
Other innovations involve digital PLA (43), presumably enabling single molecule detection by rolling circle amplification.
Aptamers-an antidote to the antibody problem?
Prior to a protein study, one has to succeed in generating, or obtaining, high affinity antibodies targeting the polypeptide of interest. Finding suitable ligand pairs for a PLA is a critical step, and it can be a daunting task in a multiplex setup. Zhu & al. tested eight different monoclonal antibodies in combination with a prostate-specific antigen (PSA) binding peptide (15) . Half of the antibodies were described as giving a weak or strong response, and the other half gave no response. Alternatively, instead of using hybridomaderived monoclonal or polyclonal antibodies, one can turn to recombinant antibodies generated by phage display techniques.
One promising, but in some respects underdeveloped, alternative to the use of antibodies is the generation of aptamers through systematic evolution of ligands by exponential enrichment (SELEX). RNA-based aptamers were first described more than two decades ago (44,45) but did not make much of an impact (46) despite the simple concept. Today, the term comprises both engineered high affinity molecules derived from single stranded oligonucleotides, DNA, or RNA, as well as polypeptides. Target affinity range is described as low nanomolar to picomolar (47) (48) (49) but is often stated without further reference to supporting literature.
Immense interest in the use of aptamers is now clearly evident in the scientific community (48) for a diverse array of research methods such as flow cytometry (50), cancer-related tyrosine kinase inhibition (51), in vivo cancer imaging models (52), affinity chroma- tography, and cytotoxic drug delivery (53) . The aptamer offers the advantage of small size, lately showing its worth in super-resolution microscopy (54), fitting into nooks and crannies of the target molecule. The sheer number of scientific articles based on aptamer research indicates broad deployment and technological maturation at a fast pace and a growing general interest. So what and where are the drawbacks?
The common denominator of the various SELEX flavors is the random oligonucleotide library as a starting pool. This can either be generated de novo or be obtained from a supplier, considering the relative low cost of oligonucleotide synthesis. From the point where the library is incubated the with target of interest, the procedure of selection diverges into a plethora of different reported SELEX approaches. However, reviews have so far have mainly focussed on the potential clinical and therapeutical applications, resulting in a somewhat overall narrow scope. We refer to Djordjevic (55) , one of the few reviews that try to correct this to some degree biased weighting. Empirical evaluations in the laborator y and methodological comparisons between SELEX methods are needed in order to streamline protocols for cost-effective development of novel aptamers for the clinical researcher. Once robust aptamers have been developed thorough sensitivity and specificity testing, the nature of the oligos holds potential for reasonable standardization and sharing between clinical research laboratoriesmeaning reproducible probes for flow cytometry, PLA, and affinity chromatography or ELISA analogues using aptamers as surrogate antibodies. Given the crucial contributions from secondary structure, the affinity of the aptamer ligands must be reevaluated in a given nano-environment. Buffer or temperature change, chaotropic agents, or the addition of linkers and conjugates to the aptamer can, theoretically, easily alter inherent secondary structure. General studies regarding consistency in aptamer efficacy have yet to be published.
Concluding remarks
In summary, all the immuno-quantitative PCR methods described here offer protein quantification with potential high sensitivity in a variety of ways. Homogenous PLA enables highly specific detection and quantitative analyses directly in cell lysates but requires carefully matched probe pairs. We hope to see more clinical studies in the future for practical and independent evaluation of PLA. The focus among published articles has predominantly centered on proof-of-concept, with little emphasis on clinical research. One particular offspring of the proximity ligation technology has found broad utilization as a research tool in a multitude of studies: in situ PLA, a method for probing protein-protein interactions, represents an unambiguous practical implemented innovation.
Immobilizing target proteins by capture antibodies offers higher specificity, enables washing, and reduces the complexity of the probes. Probes consisting entirely of oligonucleotides, through the virtue of aptamers, can potentially contribute to standardization in clinical settings and ease reproducibility. However, empirical maturation of the concept is much needed to elucidate the practical implications of the aptamers.
If the obvious problems with the specificity and SNR are solved, immunassays in combination with qPCR have the potential to become standard methods for protein quantification. Having learned the lesson from the early days of qPCR, efforts should be made to create instructions and standards for assay reproducibility equivalent to MIQE guidelines (56) at an early stage (e.g., preparation of input material for the qPCR measurements). Standardization of this step and the immunodetection procedures is essential for robust, reliable, and reproducible results as well as for the ability of researchers to critically evaluate and compare published data, thereby avoiding erroneous conclusions. Highly sensitive analysis readout is offered through iPCR, but poses many of the traditional problems common to immunoassays. It cannot be expected a priori that the SNR is improved base on PCR readouts alone.
Implementation at clinical affiliated laboratories is still sparsely reported, despite the fact that more than two decades has passed since this innovative combination of antigen recognition and PCR readout was first reported.
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